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Abstract
NIH-PA Author Manuscript

The ability to genetically modify mesenchymal stem cells (MSCs) seeded inside synthetic hydrogel
scaffolds would offer an alternative approach to guide MSC differentiation and to study molecular
pathways in three dimensions than protein delivery. In this report, we explored gene transfer to
infiltrating MSCs into matrix metalloproteinase (MMP) degradable hydrogels that were loaded with
DNA/poly(ethylene imine) (PEI) polyplexes. DNA/PEI polyplexes were encapsulated inside poly
(ethylene glycol) (PEG) hydrogels crosslinked with MMP degradable peptides via Michael Addition
chemistry. A large fraction of encapsulated polyplexes remained active after encapsulation (65%)
and the mechanical properties of the hydrogels were unchanged by the encapsulation of the
polyplexes. Cells were seeded inside the hydrogel scaffolds using two different approaches, clustered
and homogeneous. The viability of MSCs was similar in hydrogels with and without polyplexes.
Transgene expression was characterized with time using a secreted reporter gene and showed
different profiles for clustered and homogeneously seeded cells. Clustered cells resulted in
cumulative transgene expression that increased through the 21-day incubation, while homogeneously
seeded cells resulted in cumulative transgene expression that plateaued after 7-days of culture. The
use of hydrogel scaffolds that allow cellular infiltration to deliver DNA may result in long lasting
signals in vivo, which are essential for the regeneration of functional tissues.

Introduction
NIH-PA Author Manuscript

Tissue regeneration aims to promote the healing of diseased or injured tissue through the use
of a biodegradable scaffold that supports cellular infiltration and contains bioactive signals that
guide invading cells through tissue formation [1,2]. During morphogenesis, extracellular
matrix (ECM) proteins, cytokines, growth factors, cell-cell contacts and mechanical stimuli
provide signals to cells that result in cell fates that, when orchestrated, result in tissue or organ
formation [3]. The goal when designing scaffolds for tissue regeneration is to design an
environment that remodels or changes as the cells infiltrate and proliferate so that all stages of
tissue formation can be guided and that the end product is a completely natural tissue. Although
peptides and growth factors are generally utilized as the bioactive signals in tissue engineering
scaffolds, we and others have investigated the use of DNA delivery as an alternative or
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complementary approach to introduce bioactive signals into tissue engineering scaffolds [4–
9]. In this approach the cells themselves produce the protein signals through the delivery of
DNA that encodes for the desired protein.
Gene delivery can be achieved with the use of modified viruses (viral delivery) or polymers
(non-viral delivery) that encapsulate or condense plasmid DNA into particles that can transport
the DNA inside the cell. Although viral delivery is generally more efficient than non-viral
approaches, it has limitations due to its potential immunogenicity and insertion mutagenesis
[10]. Because of the mentioned safety concerns, non-viral approaches have been investigated.
Poly(ethylene imine) (PEI) is a cationic polymer that has been widely utilized for non-viral
gene delivery. PEI is able to condense DNA through electrostatic interactions between the
positively charged amines in the PEI and the negatively charged phosphates on the DNA,
forming particles in the range of 50 to 200 nm [11]. DNA/PEI polyplexes enter the cell through
endocytosis and are believed to be able to escape the endosome through endosomal buffering
(the proton sponge effect, [12,13]). PEI has been successfully used in vitro and in vivo
delivering DNA or siRNA to the brain [14,15], lungs [16–19], abdomen [20], and tumors
[21–23].
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DNA delivery from tissue engineering hydrogel scaffolds is a versatile approach to promote
the expression of tissue inductive factors locally to be used as signals to promote tissue
formation. Naked DNA, as well as complexed DNA, has been incorporated into hydrogel
scaffolds including collagen [5], pluronic-hyaluronic acid [24], PEG-poly(lactic acid)-PEG
[25], engineered silk elastin [26], fibrin [9,27], and PEG-hyaluronic acid [28] hydrogels.
However, gene transfer efficiency remains a major limitation and gene transfer to MSCs seeded
in three-dimensions has not previously been investigated. We are interested in investigating
gene transfer to MSCs in matrix metalloproteinase (MMP) degradable hydrogels due to their
potential use to transfect MSC-like cells in vivo as they infiltrate the hydrogel scaffold. MMPdegradable hydrogels have been shown to allow cell migration through proteolytic degradation
[29,30] and to support cell growth in vivo [31,32] and in vitro [29,30,33–35]. Thus we believe
that these hydrogels are interesting materials to explore the delivery of genes to MSCs as they
infiltrate the hydrogel scaffold.
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In this report, we explored the delivery of PEI/DNA polyplexes from MMP degradable PEG
hydrogels to MSCs grown inside the hydrogel scaffold. The end goal of these studies was to
develop methods for the assessment of gene transfer to infiltrating cells as would occur when
an acellular DNA loaded scaffold is implanted in vivo. We hypothesized that cells infiltrating
into a hydrogel scaffold containing DNA/PEI polyplexes would result in the cells being
transfected multiple times as they encountered new polyplexes during their migration into the
scaffold. We used previously established MMP-degradable hydrogels [30–35] and developed
methods to incorporate DNA/PEI polyplexes through the bulk of the matrix with high activity
and low aggregation.

Methods
Materials
Peptides GCRDGPQGIWGQDRCG (MMPxl) and Ac-GCGWGRGDSPG-NH2 (RGD) were
obtained from NEOMPS (Strasburg, France). Bovine plasma thrombin was purchased from
Sigma-Aldrich (St. Louis, MO). Human fibrinogen (plasminogen depleted) was purchased
from Enzyme Research Laboratories (South Bend, IN, USA). gWIZ secreted alkaline
phosphatase mammalian expression vector (pSEAP, Genlantis, San Diego, CA) and green
fluorescent protein-luciferase expression vector (pEGFP-LUC, BD Biosciences, Palo Alto,
CA) were expanded using an endotoxin free Giga Prep kit from Qiagen following the
manufacturer’s instructions. Linear poly(ethylene imine) (25 kg/mole, PEI) was purchased
Biomaterials. Author manuscript; available in PMC 2010 January 1.
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from Polysciences (Warrington, PA). All other products were purchased from Fisher Scientific
unless noted otherwise.
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Cell culture and zymography
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Mouse bone marrow cloned mesenchymal stem cells (D1, CRL12424) were purchased from
ATCC (Manassas, VA, USA) and cultured in DMEM (Sigma-Aldrich) medium supplemented
with 10% bovine growth serum (BGS, Hyclone, Logan, Utah) and 1% penicillin/streptomycin
(Invitrogen, Grand Island, NY) at 37 °C and 5% CO2. The cells were split using trypsin
following standard protocols. To determine the extent to which D1 cells express matrix
metalloproteinases, a gelatin zymogram was used (Bio-Rad, Hercules, CA). D1 cell mediums
at passages 3, 6 and 10 were collected and assayed for total protein concentration using the
Bradford assay (Pierce, Rockford, IL). 27 µg of total protein were loaded in each lane and the
gel was run in 1x Tris-Glycine SDS running buffer at 110 V. The gel was then placed in
renaturing buffer (2.5% Triton-100) for 30-min at room temperature and then incubated in the
developing buffer (0.5–1% tris(hydroxymethyl)aminomethane, 1–2% sodium chloride) for 30min at room temperature with further development in fresh developing buffer at 37 °C
overnight. The gel was stained with commassie blue R-250 for 30-min (0.5% w/v, Thermo
Scientific, Rockforld, IL) and de-stained in a methanol, acetic acid, and water solution
(50:10:40) leaving clear bands where protease activity was present. Human active matrix
metalloproteinase 2 (MMP-2, 4 ng/well, Calbiochem, Gibbstown, NJ), complete DMEM
medium and BSA were run in the gel for comparison.
PEG-VS synthesis

NIH-PA Author Manuscript

Four-armed PEG-OH (20 kDa, Nektar, Aerogen Ltd., Galway, IE) was modified with divinyl
sulfone as previously described with minor modifications [33]. Briefly, PEG-OH was dissolved
in tetrahydrofluran (THF, Aldrich/Fluka, Basel, Switzerland) under inert atmosphere and
heated to reflux in a Soxhlet apparatus filled with molecular sieves for 3–4-hours. The solution
was allowed to cool to the touch and sodium hydride (NaH, Fluka, Basel, Switzerland), at 5fold molar excess over OH groups, was added followed by the addition of divinyl sulfone, at
30-fold molar excess over OH groups. The reaction was carried out at room temperature (RT)
under argon atmosphere with constant stirring for 3-days. Afterwards, the reaction solution
was neutralized with acetic acid, filtered, concentrated and precipitated in ice-cold diethyl ether
(Acros Organics/Chemie Brunschwig AG, Basel, Switzerland). Precipitation was repeated
three times to remove unreacted divinyl sulfone. The final product was dried under vacuum
and stored under argon at −20 °C. The degree of functionalization was confirmed with 1H
NMR (in CDCl3): 3.6ppm (PEG backbone), 6.1 ppm (d, 1H, CH2), 6.4 ppm (d, 1H, CH2), and
6.8ppm (dd, 1H, -SO2CH). The degree of end group conversion, as shown by NMR, was found
to be 99%.
PEG hydrogel formation and DNA/PEI polyplex encapsulation
PEG hydrogels were formed by Michael-type addition of bis-cysteine containing MMPxl
peptides or bis-thiol containing PEG (HS-PEG-SH, 3400 g/mole, Nektar, Huntsville, AL) onto
four-armed PEG–VS functionalized with cell adhesion peptides (RGD peptides) (Scheme 1).
Lyophilized aliquots of the crosslinker (0.91 mg MMPxl or 3.280 mg HS-PEG-SH) were
diluted in 10 µL of 0.3 M TOEA (pH=8.0) buffer immediately before mixing with a mixture
of DNA/PEI polyplexes and PEG-VS. DNA/PEI polyplexes were formed by mixing plasmid
DNA with PEI in DI water, vortexing for 15-s and incubating for 15-min at room temperature
before adding 6.5 µL 3 M TOEA (final volume 65 µL) to the complex solution. A lyophilized
aliquot of PEG-VS (6.5 mg) was dissolved in 25 µL of 0.3 M TOEA, mixed with 65 µL of
DNA/PEI polyplex solution and 10 µL of MMPxl. The gel precursor solution was then placed
either as a 100 µL drop or three 30 µL drops between two Teflon plates for 30-min at 37 °C
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to allow for gelation. The final gel was swelled in DMEM medium before being placed inside
96-well plates for long-term culture.
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To visualize the distribution of the polyplexes inside the PEG hydrogels, gels were formed
using the same protocol as described above except rhodamine labeled DNA (MirusBio Label
IT nucleic acid TM rhodamine labeling kit) was used to form the polyplexes and phosphate
buffered saline (PBS) was used to swell the gel. For these experiments, HS-PEG-SH crosslinker
was used. The swelled gel was imaged using an inverted confocal microscope (Leica TCS SP
MP) using a 40X objective over a 20 µm thick section of PEG gel.
DNA/PEI polyplex release kinetics and activity
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In order to determine the extent of release of the encapsulated polyplexes and their activity
post encapsulation, gels were formed using the protocols indicated above and with MMPxl
crosslinker. To test the release kinetics, the gels were swelled in PBS for 2-hours and then the
swelling solution was collected and the gels were placed in 200 µL of releasing solution (PBS,
0.25% trypsin/EDTA, or D1 conditioned media). At the indicated time points, 100 µL of the
medium was removed and an additional 100 µL of fresh releasing medium was added.
Following the final release medium collection, the gels were incubated with 0.25% Trypsin/
EDTA to result in complete release of the DNA from the gel as a result of gel degradation. The
DNA concentration in the samples was measured using HOECHT dye (H33258). In a typical
measurement, 100 µL heparin (10 mg/mL in PBS) was incubated with 10 µL the released
sample for 10-min at room temperature to displace the DNA from DNA/PEI complex. 10 µL
of the above solution was then mixed with 100 µL H33258 assay solution (0.1 µg/mL H33258
in TNE buffer (0.2 M NaCl, 10 mM Tris, 1.3 mM EDTA)) and the fluorescence light intensity
was read using a fluorometer equipped with a UV filter (Turner Biosystems, Sunnyvale, CA).
The readout was analyzed using a standard curved measured using free DNA. The presence of
heparin/PEI was not found to affect the binding efficiency of the HOECHT dye to DNA nor
did the heparin/PEI interfere with the fluorescence reading. The data was plotted as a % release
by dividing the DNA released at a given time point by the total DNA amount in the gel.
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To determine the activity of the encapsulated DNA/PEI polyplexes, a PEG gel was prepared
and swelled as indicated above using DNA encoding for luciferase (pEGFP-LUC). After
swelling in PBS, the gel was degraded through incubation with 100 µL 0.25% trypsin at 37 °
C for 30-min. The released DNA/PEI polyplexes (1 µg in 150 mM NaCl) were then added to
plated D1 cells (50,000 cells in 24-well plates) and incubated for 48-hours. After the incubation
time, the cells were washed with PBS and lysed using 200 µL of lysis buffer. The luciferase
activity was measured using a luciferase assay kit (Promega, Madison, WI) as detailed below.
For comparison, transfection using freshly prepared complexes supplemented with free PEGVS, 0.25% trypsin/EDTA, or a combination of both was used.
Hydrogel Rheology
Plate-to-plate rheometry was used to determine if the presence of DNA/PEI polyplexes affected
the mechanical properties of the gel. The gels were made as detailed above and cut to a size of
1.8 cm in diameter so that when compressed by 200 µm the gel filled the entire moving plate
of the rheometer (2.0 cm in diameter). Compression of the gel was necessary to avoid slipping.
The storage (G') and loss modulus (G") were measured using an AR2000 rheometer (TA
Instruments, New Castle, DE) under constant strain of 0.05 and frequency from 0.1 to 10 Hz.
Cell encapsulation
D1 cells were encapsulated using two protocols: homogeneous encapsulation, resulting in
single cells throughout the hydrogel, and clustered encapsulation, resulting in a single cluster
of cells inside a fibrin clot (Scheme 1). The cells were used between passages 3 and 10. For
Biomaterials. Author manuscript; available in PMC 2010 January 1.
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the homogeneously plated cells, the cells were encapsulated during gelation by mixing 400,000
cells in a 30 µL gel. The cells were mixed with the PEG-VS/polyplex solution before the
crosslinker was added. For the clusters of cells, fibrin clots were formed by resuspending D1
cells (1.8×106 cells) in 60 µL of a 2 mg/mL fibrinogen and 2 U/mL thrombin solutions in
DMEM. The clusters were made by dropping 5 µL of the suspension onto a Teflon plate and
incubating at 37 °C for 20-min. The clusters were incorporated into the PEG gel by placing
them inside 30 µL of gel precursor solution. The resulting gel was pressed between two Teflon
plates and gelled at 37°C for 30-min. The gel was swelled in DMEM for two hours and cultured
for up to 20-days in DMEM supplemented with 10% BGS and 1% P/S. At the indicated time
points, cells were imaged with an inverted fluorescence microscope or 25 µL medium was
removed for alkaline phosphatase detection as detailed below. Cell migration rates out of fibrin
clusters were determined by measuring the distance between the cluster-gel edges to the
growing cell front. Measurements from 5 different locations in one gel were averaged. At day
13, the cells were stained for the actin network and the cell nuclei using phalloidin-488
(Invitrogen) and HOECHT dye. For staining, hydrogels were washed once with PBS before
fixing with 4% paraformaldehyde for 4-min at room temperature. The hydrogels were then
washed twice with PBS and permeated with 0.1% Triton X-100 in PBS followed by another
PBS wash. The hydrogels were then incubated in a solution of BSA (1% in PBS) for 1-hour
before addition of a solution containing Alexa488-phalloidin (25 µL stock in 200 µL of 1%
BSA PBS) and HOECHT dye (1 µg/ml in 1%BSA PBS) and incubation for a 1-hour. Three
final washes were made with 0.05% Tween-20 PBS solution after which imaging was
conducted using a Nikon inverted microscope (Nikon TE2000U).
Reporter gene quantification/observation
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Three types of reporter genes were employed: green fluorescent protein (GFP), luciferase
(LUC), and secreted alkaline phosphatase (SEAP). Green fluorescent protein was observed
using a fluorescence microscope (Nikon TE2000U) at predetermined time points. For
fluorescence imaging the gels were cultured in medium without phenol red. Luciferase activity
was determined in cell lysate using a luciferase assay kit following the manufacturer’s protocol
and using a modulus luminometer (Turner Biosystems, Sunnyvale, CA) with a 10-s integration
time. The luciferase activity was normalized using the total protein content of the lysate, which
was measured using the Bradford assay (PIERCE, Rockford, IL). The SEAP activity was
determined using Phospha-Light™ SEAP reporter gene assay system (Applied Biosystems,
Bedford, MA) following the manufacturer’s instructions with a 20-min incubation with the
substrate and using luminescence reader (Turner Biosystems, Sunnyvale, CA) with a 1-s
integration time. The measured RLUs were related to mass of SEAP protein (pg) using a
standard curve, RLU = 931.42X0.99 pg R2 = 0.999, made with recombinant SEAP protein and
plotted using a log-log scale. To determine if the SEAP protein diffuse out from the PEG
hydrogel into the cell culture medium freely, D1 cells were transfected with pSEAP/PEI
polyplexes for 24-hours and released with trypsin. 150,000 cells were either encapsulated in
100 µL MMP degradable PEG hydrogel homogeneously or plated in the 24-well plate for
another 24-hours. The total SEAP secreted to the medium was measured and compared.
Live/dead cell staining
Cell viability in the PEG gel was studied with the LIVE/DEAD® viability/cytotoxicity kit
(Molecular Probes, Eugene, OR). Briefly, 1 µL of ethidium homodimer-1 and 0.25 µL of
calcein AM from the kit were diluted with 500 µL DMEM without phenol red to make the
staining solution. Each gel was stained with 150 µL of the staining solution for 30-min at room
temperature in the dark and imaged with an inverted fluorescence microscopy (Nikon
TE2000U).
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Statistical analysis
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Statistical analyses were done using the statistical package Instat (GraphPad Software, La Jolla,
CA). For multiple comparisons, the means of triplicate independent samples were compared
using the Tukey multiple comparisons analysis with the alpha level indicated in the figure
legend.

Results
Characterization of DNA loaded PEG hydrogels
DNA/PEI polyplexes were encapsulated inside MMP-degradable PEG hydrogels by mixing
the polyplexes with the gel precursors prior to crosslinking. To ensure that the polyplexes were
homogeneously distributed throughout the hydrogel and to determine the maximum loading
density of DNA without significant aggregation of the polyplexes, fluorescently labeled
polyplexes were incorporated inside the hydrogel and visualized with confocal fluorescence
microscopy. DNA/PEI polyplexes formed with 15, 30 and 50 µg of Rho-DNA with an N/P
ratio of 7.5 and with 15 µg Rho-DNA with an N/P ratio of 15 were incorporated into a PEG
hydrogel (100 µL, Figure 1). Polyplexes dispersed uniformly for the 15 µg and 30 µg/100 µL
DNA loading densities (Figure 1A, B, D). However, when the concentration of polyplexes was
raised to 50 µg/100 µL significant aggregation was observed (Figure 1C).
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To ensure that the incorporation of the polyplexes did not significantly alter the mechanical
properties of the hydrogels, the storage and loss moduli (G' and G"), which indicate the elastic
and viscous properties, respectively, were measured with a rheometer. PEG hydrogels were
formed with encapsulated DNA/PEI polyplexes (15–50 µg DNA/100 µL gel, N/P=7.5 or 15)
and the resulting gels were tested for their mechanical properties (Figure 2). There is no
statistical difference in G' and G" between hydrogels not containing DNA and hydrogels
containing polyplexes formed with up to 30 µg DNA (p > 0.05, Figure 2A). Hydrogels formed
with 50 µg of DNA polyplexes resulted in a statistical increase in G' when compared to
hydrogels with no DNA (p < 0.05) (Figure 2A). The finding that the G' and G" did not cross
at any measured frequency (0.1 to 10 Hz, Figure 2B, C) and that the storage and loss modulus
were frequency independent (Figure 2B, C) were consistent with hydrogel rheology. The loss
tangent values (ratio of G" to G') were lower than 0.006 for all the hydrogels tested indicating
that the hydrogels were highly elastic.
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The release kinetics of the encapsulated polyplexes were tested in PBS, 0.25% trypsin, and D1
conditioned medium (Figure 3). Cumulative release in PBS and D1 conditioned media
measured for 14-days was less than 15% of the total encapsulated DNA polyplexes, indicating
that the polyplexes were not free to diffuse and remained entrapped within the hydrogel. In
contrast, release in a trypsin containing solution resulted in a burst release of DNA polyplexes
with 74.4% release after 2.5-hours of incubation. The gel degraded completely after 6-hours
of incubation in trypsin.
Activity of the encapsulated polyplexes
The activity of the encapsulated polyplexes is an important characterization step and was
measured by degrading the gel and releasing the encapsulated polyplexes and then using those
complexes for bolus transfection of plated D1 cells. Transfections were done using 1 µg of
DNA from the released polyplexes in 24-well plates. Although collagenases can be used to
degrade the PEG hydrogel, we found that the presence of collagenase I or collagenase IV in
cell lysate resulted in severe reduction of luciferase activity (data not shown). In contrast, the
use of trypsin to degrade the gel resulted in no statistically significant decrease of luciferase
activity (p > 0.05, Figure 4A). Gene transfer mediated by trypsin-released polyplexes resulted
in 38 ± 3.5% of the expected RLU/mg of protein (compared to transfection mediated by fresh
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polyplexes, Figure 4A). To determine if free PEG or the combination of PEG and trypsin
contributed to the reduced activity of the released polyplex, transfections were performed using
fresh polyplexes in the presence of PEG-VS or PEG-VS with trypsin at the same concentration
found in the degraded hydrogels. Transfection efficiency was not decreased in the presence of
PEG-VS or PEG-VS with trypsin, indicating that polyplex encapsulation was responsible for
the loss of activity. Since the amount of luciferase activity is not linear with respect to DNA
concentration, a dose-response curve for DNA concentration versus luciferase expression
(RLU) was measured and normalized to the luciferase expression for 1 µg DNA (Figure 4B).
This curve shows a sigmoidal dependence of DNA concentration to luciferase expression
(RLU) and indicates that a 38% of luciferase activity corresponds to a transfection being
performed with 65% of the DNA (0.65 µg) (Figure 4B dotted line). Since we observe 38% of
the activity achieved with fresh polyplexes, we conclude that at least 65% of the encapsulated
DNA/PEI polyplexes remain active.
D1 cell migration and viability inside DNA/PEI loaded PEG gels
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High levels of protease expression are required for cells to survive and migrate in MMP
sensitive PEG hydrogels [36]. D1 cells at passages 3, 6 and 10 were found to express high
amounts of proteases (Figure 5) and to be able to migrate inside MMP-degradable hydrogels
when seeded as clusters or encapsulated homogenously (Figure 6). The migration rate of D1
cells out of fibrin clusters was different depending on the day of incubation, with rates at 0 to
24-hours equaling 7.3±1.8 µm/hour, at 24 to 69-hours equaling 5.0±1.8 µm/hour, at 69 to 122hours equaling 5.7±2.4 µm/hour and at 122 to 155-hours equaling 11.0±3.2 µm/hour. Actin
staining of cells at day 13 revealed spread spindle like cells (Figure 6E) as have been previously
observed for cells grown inside enzymatically degradable PEG hydrogels [30,32,35].
Cell viability studies were performed to determine the toxicity of encapsulated DNA/PEI
polyplexes to infiltrating cells. Viable cells were visible (LIVE/DEAD assay) for up to 15-days
with few cells infiltrating into the scaffold showing red fluorescence, which is indicative of
dead cells (Figure 7). There were no significant differences in viability between hydrogels
without DNA (Figure 7 A–C) and those loaded with DNA/PEI (Figure 7 D–F). In both types
of hydrogels, most dead cells were found in the fibrin cluster, indicating that cell death might
be a result of the fibrin clot cell encapsulation procedure or the lack of nutrient flow inside the
fibrin clot. Additionally, LIVE/DEAD staining of hydrogels that contained polyplexes but no
cells revealed that the polyplexes did stain red, indicating that the ethidium bromide monoazide
(the DEAD component in the assay) is able to stain encapsulated polyplexes (Figure 7 G–I).
Thus, the red fluorescence observed in the hydrogels which contained cells and polyplexes
could be from dead cells as well as the encapsulated polyplexes. For all images the exposure
time was 200-ms.
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Reporter gene selection for assessing gene transfer inside hydrogels
Although gene transfer to cells inside hydrogel scaffolds is typically characterized using GFP
reporter plasmids, we found that for D1 cells and enzymatically degradable PEG hydrogels the
use of green fluorescence to assess transgene expression repeatedly resulted in false positives.
Hydrogels were formed using either GFP or β-galactosidase encoding plasmids to form the
DNA/PEI polyplexes to be encapsulated inside the hydrogel scaffolds. Cells were seeded as
clusters and green fluorescence was monitored as the cells infiltrated the scaffold using a
fluorescence microscope (Figure 8). Although not all pβGAL/PEI polyplex containing
hydrogels showed green fluoresce in infiltrating cells, some clearly showed false positives
(Figure 8H, K). In all experiments at least two of the pβGAL/PEI polyplex-containing gels
contained infiltrating cells that fluoresced green at a 2000-ms exposure time. Thus, although
green fluorescent cells were observed in all samples of pEGFP-LUC/PEI polyplex containing
hydrogels when using 2000-ms exposure time (Figure 8B,E), this fluorescence could not be
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unequivocally attributed to transfection, but rather to an artifact of growing the cells inside the
hydrogel material. Further, all cell clusters showed intense green fluorescence at day 0 even
for gels that contained no DNA, indicating that clustered cells autofluoresce (data not shown).
To allow comparisons to be made, all pictures were taken using the same exposure times and
magnifications.
Because of the limitations of green fluorescent protein, we investigated the use of the pSEAP
reporter plasmid, which expresses secreted alkaline phosphatase. Alkaline phosphatase activity
can be quantified using commercially available kits. To ensure secreted alkaline phosphatase
protein can freely diffuse out of the PEG hydrogels, D1 cells were transfected with pSEAP for
24-hours prior to either seeding in the hydrogel scaffold homogeneously or plating in the 24well tissue culture plate. Medium from both the hydrogel seeded cells and the tissue culture
plastic plated cells were collected after 24-hours and analyzed for SEAP activity. There was
no significant difference found for the total SEAP secreted to the medium from cells seeded
in the gel and plated in the 24-well plate (Figure 9). This result indicated that the SEAP protein
was able to diffuse out of the PEG gel freely.
Gene transfer to infiltrating cells
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The ability of cells grown inside MMP-degradable hydrogels to internalize and express
encapsulated DNA/PEI polyplexes was studied over time. For cells seeded using the
homogeneous approach, kinetic SEAP expression showed a peaked at day 6 (Figure 10B) and
cumulative SEAP expression leveled off between days 7 and 10 (Figure 10B). In contrast, gene
transfer from infiltrating cells showed kinetic SEAP expression with multiple peaks (Figure
11A) and cumulative SEAP expression that continued to rise throughout the 21-day incubation
(Figure 11B). As controls, gels with no DNA or DNA encoding for pEGFP-LUC were used.
In all the control hydrogels, the SEAP assay reading was below 1000 RLU, which is the reading
considered zero SEAP expression based on the reading obtained for untransfected cells (data
not shown).

Discussion

NIH-PA Author Manuscript

The ability to genetically modify MSCs seeded inside synthetic hydrogel scaffolds would offer
an alternative approach to protein delivery to guide their differentiation into functional tissues
ex vivo. Additionally, MSC-like progenitor cells are believed to reside in most adult tissues
and to be responsible for adult tissue regeneration. Therefore, the design of hydrogel materials
that allow for cellular infiltration and deliver genes to infiltrating cells would be ideal to guide
regeneration in vivo. In this report, we explored gene transfer to MSCs infiltrating MMPdegradable hydrogels that were loaded with DNA/PEI polyplexes. Cloned mouse bone marrow
derived MSCs (D1) were used in this study as a model MSC cell type. D1 cells have similar
characteristics to human MSCs and can be passaged up to 25 times under regular tissue culture
conditions [37–41]. Cellular migration inside MMP degradable hydrogels has been
demonstrated to occur primarily by proteolytic degradation of the scaffold [30]. Further, MMP
activity inside MMP-degradable hydrogels has been found to be highest at the cell surfaces
with MMP activity dramatically decreasing away from the cell surfaces [29] (Scheme 1). Thus,
inside MMP-degradable hydrogels cells can only degrade the gel immediately surrounding
them and do not contribute to hydrogel degradation far away from their surface [29]. Gene
transfer inside MMP-degradable PEG gels is, therefore, expected to occur as the cells
proteolytically migrate through the hydrogel. Polyplexes will be internalized as the cells
encounter them during the migration (Scheme 1).
D1 cells were found to express high levels of MMP enzymes (Figure 5) and to be able to grow
inside the hydrogel scaffold when seeded as single cells or as cell clusters (Figure 6). Live/
Dead cell staining has been widely used to assess the viability of cells seeded inside hydrogel
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scaffolds [33,42–46] and was used in this study to assess viability. Most dead cells were
observed inside the fibrin clot used to cluster the cells and force cellular infiltration to the
scaffold. Thus, we conclude that the DNA/PEI polyplexes at the tested concentrations are not
toxic to cells seeded inside the hydrogel scaffold. Gene transfer was studied using a secreted
alkaline phosphatase (SEAP) encoding plasmid. The use of a secreted plasmid rather than the
more common luciferase and GFP plasmids allowed us to quantify the reporter gene expression
over time of the same hydrogel by simply analyzing the cell culture media, which is ideal when
characterizing gene transfer over long time periods. SEAP protein (~64 kDa) was found to
efficiently diffuse out of the PEG gel (Figure 9). The SEAP expression pattern was found to
be a function of the cell seeding method, clustered or homogeneous. D1 cells seeded as a cluster
of cells showed multiple surges in SEAP expression throughout the 21-day incubation. Because
gene transfer in these gels depended on the ability of the cells to infiltrate the scaffold, they
did not result in the exact same transgene expression with time. After the 21-day incubation,
all the samples resulted in about 180 pg of SEAP protein produced and showed an increasing
cumulative transgene expression profile during the 21-day incubation (Figure 11B). However,
the observed surges of SEAP expression (positive slopes in Figure 11A) throughout the 21day incubation occurred at different days for all the samples. We propose that the multiple
surges in SEAP transgene expression occurred as a results of the cells encountering new
polyplexes as they migrated into the hydrogel scaffold. Previous reports of fibroblast cell
migration inside MMP-degradable hydrogels showed that cells seeded as clusters migrated
much further than single cells [29]. The use of hydrogel scaffolds that allow cellular infiltration
to deliver DNA may result in long lasting signals in vivo, which are needed for the regeneration
of functional tissues.
Cells seeded homogeneously generally showed only one surge in SEAP transgene expression
(Figure 10A), with cumulative transgene expression leveling off after 7-days and reaching less
than 60 pg in total protein produced (Figure 10B), indicating that the cells were transfected
only once during the 21-day incubation. As mentioned above, homogenously suspended cells
have limited migration inside the gel compared to clustered cells, suggesting that they are able
to internalize only nearby polyplexes and that they do not encounter new polyplexes during
the 21-day incubation.
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Although reporter plasmids encoding for luciferase and green fluorescent protein are widely
utilized for quantifying non-viral gene transfer and GFP has been previously used to quantify
gene transfer in hydrogel scaffolds [28,47], we found that these reporter plasmids are not ideal
for characterizing gene transfer over time inside MMP-degradable hydrogel scaffolds.
Luciferase plasmids are inconvenient to determine gene transfer in hydrogel scaffolds as a
function of time since they require the sacrifice of the hydrogel sample for analysis. Further,
the lysis of cells seeded inside hydrogels is not trivial, requiring the use of enzymes to degrade
the hydrogel which can affect the stability of the released luciferase protein after lysis (data
not shown). GFP reporter plasmid allows for the monitoring of the same hydrogel with time,
however, we have found that cells fluoresce green when they are seeded as a cluster (Figure
8B, E, H), when the cells are rounded (Figure 8H), and, in some cases when the cells are highly
spread (Figure 8K). Thus, although we observed green fluorescent cells in gels that contain
pEGFP-LUC/PEI polyplexes (Figure 8B, E), we cannot be sure that this fluorescence is due
to transgene expression. We hypothesize that this false positives are due intracellular
autofluorescence, which has been previously described by others for cells seeded inside PEG
hydrogels [29,48]. Researches have shown that all cultured cells have some level of
intracellular autofluoresence, which peaks in the blue and green wavelengths due to the
existence of NADH, riboflavins and flavin coenzyme [49,50]. Intracellular autoflurescence
increases as the culture time and numbers of cells expands [49,50]. For MSCs, the ratio of
green over blue intracellular autofluoresence rises as the cell density increases and the stem
cells differentiate [51]. Because of the limitations of green fluorescent protein and luciferase
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reporter plasmids we looked for a reporter plasmid that resulted in a secreted protein. Although
soluble growth factors would be well suited for this application, their quantification typically
requires the use of expensive assays (i.e. ELISA). We found that reporter plasmids encoding
for secreted alkaline phosphatase to result in an effective approach to assay gene expression
from hydrogel scaffolds over time.
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The physical characteristics of DNA/PEI loaded PEG hydrogels were characterized for
polyplex quality, polyplex release, and hydrogel mechanical properties before and after
polyplex encapsulation. Confocal microscopy images of fluorescently labeled DNA showed
that the polyplexes did not aggregate inside the PEG hydrogel significantly (Figure 1). In vitro
transfections showed that 65% of the polyplexes remained active post gel encapsulation (Figure
4), indicating that a certain percentage of the encapsulated complexes were deactivated through
the covalent modification of the polyplexes with the gel precursors or polyplex mechanical
deformation during gel formation. The vinyl sulfone functional group has been reported to
react with amine functional groups in PEI [52] and the PEGylation of PEI has been observed
to reduce the transfection efficiency of polyplexes in vitro. Thus, it is possible that DNA/PEI
polyplexes were becoming PEGylated during hydrogel formation and this PEGylation
contributed to the reduced activity of the encapsulated polyplexes. Further since the mesh size
in this type of a hydrogel is in the order of 25 nm [30] and the complex size is 150 nm (data
not shown), the polyplexes will be larger than the average mesh size of the hydrogel, which
might result in the mechanical deformation of the polyplexes during gel formation. Polyplex
released from the hydrogel scaffold in PBS and D1 cell conditioned media was close to zero
after an initial bust release of 15% (Figure 3), which suggested that the initial release was due
to surface associated polyplexes. Release of the polyplexes was not expected since, as
mentioned above, the hydrogel mesh size is significantly smaller than the average diameter of
the polyplexes. The mechanical properties of the hydrogel were unchanged by the addition of
up to 0.30 µg DNA/µL gel. However, the addition of 0.5 µg DNA/µL gel resulted in a statistical
increase in the storage modulus of the hydrogel (Figure 2A). The change in mechanical strength
could be explained by the increase of the overall mass of the hydrogel per volume or by covalent
modification, where the polyplex acts as a crosslinker. Thus, although we found conditions in
which encapsulated DNA/PEI polyplexes inside MMP-degradable hydrogels were active and
did not change the mechanical properties of the hydrogel, different strategies must still be
devised to increase the DNA loading capacity inside hydrogel scaffolds.

Conclusion
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DNA/PEI polyplexes were encapsulated uniformly into MMP-degradable PEG hydrogel
without changing the hydrogel mechanical properties significantly. Polyplexes have limited
diffusion inside the PEG hydrogel and 65% of them remained active post encapsulation. The
encapsulated polyplexes were found to be non-toxic to the cells suspended homogenously
inside the gel or infiltrating the gel. Gene transfer to both homogenously seeded cells and
clustered cells were observed, but the transgene expression patterns were different. Infiltrating
cells (originally seeded as clusters) showed gene expression that rise several times through the
incubation indicating that the cells were able to be transfected several times as they migrated
through the scaffold. Clustered cells resulted in cumulative transgene expression that increased
through the 21-day incubation, while homogeneously seeded cells resulted in cumulative
transgene expression that plateau after 7-days of culture.
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Figure 1.

Distribution of DNA/PEI polyplexes inside the PEG hydrogel. DNA labeled with TMrhodamine was used to form the polyplexes prior to encapsulation inside the gel. Polyplexes
made with 15 µg DNA/100 µL gel at N/P = 7.5 (A), 30 µg DNA/100 µL gel at N/P = 7.5 (B),
50 µg DNA/100 µL gel at N/P = 7.5 (C) and 15 µg DNA/100 µL gel at N/P = 15 (D) were
encapsulated inside the hydrogel scaffold. Confocal microscopy was used to take the images
using a 40x objective over a 20 µm thick section. Scale bar equals 10 µm.
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Figure 2.

Storage (G') and loss modulus (G") of PEG hydrogel with and without DNA/PEI polyplexes
measured using plate-to-plate rheometry. Polyplexes made with 15 µg DNA/100 µL gel at N/
P = 7.5, 30 µg DNA/100 µL gel at N/P = 7.5, 50 µg DNA/100 µL gel at N/P = 7.5 and 15 µg
DNA/100 µL gel at N/P = 15 (* in Figure A) were encapsulated inside the hydrogel scaffold.
G' and G" were measured under constant strain of 0.05 and frequency from 0.1 to 10 Hz. Overall
G' and G" (A), and G' (B) and G" (C) over the entire frequency sweep are shown.
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Figure 3.

Cumulative release kinetics of DNA/PEI polyplexes encapsulated inside MMP-degradable
PEG hydrogels. Hydrogels (100 µL) containing 15 µg of DNA complexed with PEI at an N/
P of 7.5 were placed in PBS, trypsin or D1 conditioned medium. At the indicated time points
the releasing medium was analyzed for DNA content. Data is shown as a percent of the total
DNA found after complete gel degradation.
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Figure 4.

Activity of pEGFP-LUC/PEI polyplexes encapsulated inside MMP-degradable hydrogels
(A). The activity of released polyplexes (R) was normalized to that of fresh polyplexes (C),
and compared to fresh polyplexes with trypsin added (T), fresh polyplexes with PEG added
(P), and fresh polyplexes with both trypsin and PEG added (T&P). Transfection using freshly
prepared complexes supplemented with free PEG-VS, 0.25% trypsin/EDTA, or a combination
of both at the same concentration found in the degraded hydrogels. Dose response curve of
DNA/PEI polyplexes transfection efficiency normalized to the RLU found with 1 µg DNA
(B). The dotted line represents polyplexes that had 37% of the RLU activity and corresponds
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to 65% of the DNA being present. The * symbol indicates statistical significance at a level of
p<0.05 calculated using multiple comparisons.
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Figure 5.

Zymogram gel electrophoresis of D1 cell conditioned medium at passage 3 (lane 1), 6 (lane
2) and 10 (lane 3). BSA (lane 4), 10 ng MMP-2 (lane 5) and DMEM with 10% serum (lane
6) were run for comparison. All conditioned medium samples as well as BSA and DMEM were
run at a total protein concentration of 27 µg as determined by Bradford assay.
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Figure 6.

Migration of D1 cells in MMP-degradable PEG hydrogels. Cells were placed in the gel either
as a cluster for 24-hours (A), 69-hours (B), 122-hours (C) and 155-hours (D) or homogeneously
for 48-hours (E), 96-hours (F), and 240-hours (G). A representative picture of cells migrating
out of a fibrin cluster at 312-hour is shown (H, green stain is actin, blue stain is the nuclei).
Objectives used are 10x (A–G) and 20x (H). Scale bar equals 600 µm (A–D), 200 µm (E–G)
and 100 µm (H).
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Cellular viability of cells seeded as clusters inside MMP-degradable PEG hydrogels not
containing polyplexes (A–C) or containing DNA/PEI polyplexes (D–F). Cells were stained
with the LIVE/DEAD assay, which stains live cells green and dead cells red. Pictures were
taken using an inverted microscope (10x) at 4-days (A, D), 8-days (B, E) and 15-days (C, F)
and are shown as a single merged image of the red and green pictures. As a control, an acellular
hydrogel containing polyplexes was stained (G-green, H-red and I-merged red & green). Scale
bar equals 200 µm. All images were acquired using 200-ms exposure times.
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Figure 8.

Gene transfer to infiltrating D1 cells into DNA/PEI polyplex loaded hydrogels. D1 cells were
seeded inside the MMP-degradable hydrogels as a cluster (fibrin clot) in gels that contained
pEGFP-LUC/PEI polyplexes (A–F) or pβGAL (G–L). Pictures were taken with a 10x objective
at 5-days (A–C and G–I) and 13-days (D–F and J–L). Pictures shown are the phase picture,
the green fluorescence picture and the merge of green and phase. Scale bar equals 200 µm. All
images were acquired using 2000-ms exposure times.
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Figure 9.

Diffusion of SEAP protein out of MMP-degradable PEG hydrogels. 150,000 D1 cells
transfected with pSEAP/PEI were either seeded inside the MMP degradable PEG hydrogel
homogenously (Hydrogel) or plated in 24-well tissue culture plate (TCP) for another 24-hours.
Secreted alkaline phosphatase protein released into the total medium was quantified.
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Figure 10.
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Kinetic (A) and cumulative (B) SEAP transgene expression from D1 cells plated
homogeneously in MMP-degradable PEG hydrogels containing pSEAP/PEI polyplexes. The
medium was collected at predetermined time points and assayed for SEAP gene expression.
Hydrogels containing no polyplexes or polyplexes with pEGFP-LUC were used as controls
and did not show SEAP expression at any time point. Data in A is presented as the average of
three gels for the no DNA and pEGFP-LUC controls and three individual gels for pSEAP in
order to more clearly see the different kinetics SEAP expression. Phase images were taken
with a 10x objective at 2-days (C), 4-days (D), and 10-days (E). Scale bar equals 200 µm.
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Figure 11.

Kinetic (A) and cumulative (B) SEAP transgene expression from D1 cells plated as clusters in
MMP-degradable PEG hydrogels containing pSEAP/PEI polyplexes. The medium was
collected at predetermined time points and assayed for SEAP gene expression. Hydrogels
containing no polyplexes or polyplexes with DNA pEGFP-LUC were used as controls and did
not show SEAP expression at any time point. Data in A is presented as the average of three
gels for the no DNA and pEGFP-LUC controls and three individual gels for pSEAP in order
to more clearly see the different kinetics SEAP expression. Phase images were taken with a
10x objective at 4-days (C), 9-days (D), and 13-days (E) and 17-days. Scale bar equals 200
µm.
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Scheme 1.

PEG hydrogels were formed through Michael addition of cysteine-containing matrix
metalloproteinase sensitive peptides (MMPxl) with 4-armed PEG-vinyl sulfone pre-modified
with cell adhesion peptides (PEG-RGD). Polyplexes were encapsulated into hydrogel matrix
by mixing with the precursor solution prior to gelation. Cells were seeded as single cells or a
cluster of cells (shown) inside the hydrogel matrix. As the cells infiltrate the scaffold, they
encounter polyplexes and are transfected.
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